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The effect of pressure on the copper and praseodymium magnetic order in the system
Nd1−xPrxBa2Cu3O7−δ with x = 0.3, 0.5, 0.7, and 1 was investigated by means of the muon spin
rotation (µSR) technique. It was found that the effect of pressure on the Ne´el temperatures of both
copper and praseodymium is positive for the whole range of Pr concentrations (0.3 < x < 1) studied.
These findings are in contrast with a number of previous reports and clarify some of the puzzles re-
lated to the effect of pressure on superconductivity and magnetism in the praseodymium-substituted
R1−xPrxBa2Cu3O7−δ systems, where R is a rare earth element.
PACS numbers:
I. INTRODUCTION
Substitution of rare earth elements (R) for Y in the
cuprate superconductor YBa2Cu3O7−δ has been found
not to affect the superconducting properties.1–4 Chemi-
cally well prepared samples of RBa2Cu3O7−δ have prac-
tically identical superconducting transition temperatures
Tc ≃ 93 K,
4 although most of the R3+ elements possess
a substantial magnetic moment.5 Such behavior is ex-
plained by a weak hybridization of the R-layer with the
superconducting CuO2 planes. However, there are two
exceptions: Partially substituting Y with Ce and Pr sub-
stantially reduces Tc. In R1−xPrxBa2Cu3O7−δ supercon-
ductivity is suppressed completely for x > xcr.
3,6–11 In
the case of Ce the reason for the Tc suppression is un-
derstood as a result of its 4+ valence state in contrast
to 3+ for most of the R elements.3 On the other hand a
large number of results obtained with different techniques
point to a 3+ valence state of Pr (see e.g. Refs. 12–14).
Thus, Pr is the exceptional three-valent rare earth ele-
ment which substantially influences the superconducting
and magnetic properties of R1−xPrxBa2Cu3O7−δ.
10,15
Moreover, for a rare earth element R with a small ionic
radius Ri (e.g. R = Yb, Lu) the effect of Pr on Tc is
relatively small, e.g. for x = 0.3 Tc is suppressed only
by 20%.10 On the other hand, for the same Pr concen-
tration x = 0.3 and for large Nd (R = Nd) superconduc-
tivity is suppressed completely,10 and bulk Ne´el order
of the Cu and Pr spins sets in below TCuN and T
Pr
N , re-
spectively. Thus, in contrast to substitution of Cu by
a 3d/4d element which directly and strongly perturbs
the CuO2 planes of the hole-doped cuprates,
16 the out
of plane perturbation of the superconducting state by
Pr is weaker and can be fine-tuned in a broad range by
a hydrostatic or chemical pressure (i.e. by tuning Ri).
Understanding of the suppression mechanisms of super-
conductivity in the R1−xPrxBa2Cu3O7−δ system, on the
other hand, may help to clarify the pairing mechanisms
in the cuprates.17,18
Soon after the discovery of the unusual behavior of
Pr in the R1−xPrxBa2Cu3O7−δ system first theoretical
explanations of this effect appeared. Fehrenbacher and
Rice19 proposed a strong hybridization of Pr with the
neighboring O ions in the CuO2 plane due to the large
ionic radius of Pr. This idea was further developed by
Liechtenstein and Mazin.20,21 However, there are dif-
ficulties to explain the chemical and hydrostatic pres-
sure effects in R1−xPrxBa2Cu3O7−δ by the hybridiza-
tion model. Namely, a reduction of Ri should increase
the hybridization and consequently reduce Tc which is
in contrast to experimental observations.10 Moreover, it
was found that PrBa2Cu3Ox single crystals prepared by
the traveling-solvent floating-zone technique (TSFZ) or
powders prepared by quick quenching from high temper-
atures may exhibit a substantial superconducting volume
fraction with Tcs ranging from zero up to ∼85 K.
22–24
This finding was later interpreted as a novel realization
of superconductivity mediated by strongly hybridized Pr-
O bonds.25
Hydrostatic26–29 and chemical8,9,11,30 pressure effects
(PEs) on Tc and the praseodymium Ne´el temperature
TPrN in R1−xPrxBa2Cu3O7−δ are quite controversial.
7,8
With increasing ionic radius Ri the transition tempera-
ture Tc of R1−xPrxBa2Cu3O7−δ gradually reduces and
drops to zero (for x ≃ 0.5). Further increase of Ri leads
to the onset of Ne´el order of Pr [see Fig. 7(a)]. A sim-
ilar suppression of Tc is observed by the application of
hydrostatic pressure P , suggesting an increased localiza-
tion of carriers with P .26–29 This effect becomes even
stronger when x approaches xcr.
31 Thus, for x ≃ xcr one
expects an onset of Pr magnetic order and a complete
suppression of superconductivity with increasing P [see
Fig. 7(b)]. Surprisingly, though, a rather strong sup-
pression of TPrN was reported for PrBa2Cu3O7−δ
32 and
PrBa2Cu4O8
33 with ∂TPrN /∂P ≃ −10 K/GPa. These re-
sults indicate a delocalization of the carriers with P and
suggest a complete suppression of TPrN at P ≃ 1.7 GPa
2(TPrN ≃ 17 K for x = 1). Furthermore, the supercon-
ducting crystals of PrBa2Cu3Ox prepared by the TSFZ
technique exhibit a positive hydrostatic pressure effect on
Tc.
23,24 This observation can be interpreted as an exten-
sion of the phase diagram of TPrN and T
c vs. P , provided
the samples prepared by the TSFZ technique experience
an extra inhomogeneous chemical pressure caused by its
microstructure which nearly suppresses TPrN and partly
recovers the superconducting state with a positive pres-
sure effect on Tc (see Sec. IV for details).
8 In contrast
to these reports, a small and positive PE on TPrN was
detected by inelastic Neutron scattering (INS) in single
crystal of PrBa2Cu3Ox.
34
In order to clarify these controversial experimental re-
sults on the pressure effect (PE) we performed a muon
spin rotation (µSR) study of the PE on TPrN and T
Cu
N
in Nd1−xPrxBa2Cu3O7−δ, (x = 0.3, 0.5, 0.7, and 1) in
the pressure range 0 < P < 2.4 GPa. µSR is a sensi-
tive microscopic probe for studying both magnetic and
superconducting phases of a sample.35,36 To minimize ad-
ditional effects of chemical pressure, R = Nd was chosen,
since Nd and Pr are neighbors in the periodic table of
elements and have nearly identical ionic radii.
We found an increase of TPrN with increasing pressure
at a rate ≃ +0.7 K/GPa for 0.3 < x < 1 which is in
contrast to previous reports,32,33 but consistent with the
negative hydrostatic PE on Tc and coincides with the
result of PE on TPrN determined with INS experiments,
34
suggesting an increased localization of the carriers with
pressure. We do not observe any superconducting phase
for pressures up to 2.3 GPa. In addition, the copper Ne´el
temperature TCuN was found also to increase with P .
The paper is organized as follows: Experimental de-
tails and sample preparation are described in Sec. II. In
Sec. III we present results and details of the µSR data
analysis. A discussion of the effect of hydrostatic pres-
sure on the Cu and Pr Ne´el ordering in the magnetic part
of the phase diagram is presented in Sec. IV, followed by
the conclusions in Sec. V. Some zero- and transverse-
field µSR results for the Co-Ni alloy (MP35N) used for
the nonmagnetic pressure cells are presented in Appendix
A. In Appendix B details of magnetization measurements
are given.
II. EXPERIMENTAL DETAILS
High quality polycrystalline Nd1−xPrxBa2Cu3O7−δ
samples with x = 0.3, 0.5, 0.7, and 1 were prepared from
Nd2O3, Pr6O11, CuO, and BaCO3 of minimum purity
of 99.99%, using a standard solid state reaction. Proper
amounts of the starting reagents were mixed and cal-
cinated at temperatures 800-920◦C during at least 150
hours in air with several intermediate grindings. Finally,
the as-prepared samples were oxidized in oxygen atmo-
sphere at a pressure of 1 bar at 500◦C. Subsequently,
the oxygen contents of the samples were determined to
be close to 7 corresponding to δ ≃ 0.02 − 0.05. Pow-
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FIG. 1: (Color online) X-ray powder diffraction patterns for
Nd1−xPrxBa2Cu3O7−δ (x = 0.3, 0.5, 0.7, and 1). The solid
lines are fits to the data. The lattice constants are summa-
rized in Table I.
der X-ray diffraction measurements which were carried
on a D8 Advance Bruker AXS diffractometer using Cu
Kα radiation indicate that the samples are single phase.
The structural refinements were done using the program
FULLPROF.37 The results of these measurements and
the refinement profiles are shown in Fig. 1. The lattice
parameters of the Nd1−xPrxBa2Cu3O7−δ samples are in
reasonable agreement with previous reports11,38 and are
summarized in Table I.
TABLE I: Lattice constants of Nd1−xPrxBa2Cu3O7−δ for
x = 0.3, 0.5, 0.7, and 1 obtained from powder X-ray diffrac-
tion measurements.
x a (A˚) b (A˚) c (A˚)
0.3 3.86078(8) 3.93271(16) 11.76732(42)
0.5 3.86191(12) 3.91003(14) 11.78065(44)
0.7 3.86288(10) 3.90871(11) 11.78923(32)
1 3.86429(8) 3.90624(9) 11.79748(23)
Zero-field (ZF) µSR experiments were performed at
the µE1 beam line of the Paul Scherrer Institute (Vil-
ligen, Switzerland) using high energy muons (pµ ≃
100 MeV/c). The samples were cooled to ≃3K, and
µSR spectra were collected in a sequence with increas-
ing temperature. Forward and backward positron detec-
tors (relative to the polarization of the incident muon
beam) were employed for the detection of the µSR asym-
metry time spectrum A(t).35,36 Typical statistics for a
µSR spectrum were 5 × 106 positron events in the for-
ward and the backward histograms. For the µSR studies
pressure was applied with a piston-cylinder type pressure
cell (µSR-PC) of alloy MP35N using Daphne pressure
transmitting oil.39 The maximum pressure attained was
2.4 GPa at 3 K.With increasing temperature the pressure
increases gradually by ≃ 0.3 GPa at T = 300 K.39 Thus,
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FIG. 2: (Color online) (a) Zero field µSR time spectra A(t) of PrBa2Cu3O7−δ measured at T = 5, 23, and 280 K. The solid
lines result from fitting Eqs. (1)-(3) to the data. For better visualization, the data measured at 23 and 280 K are shifted
vertically by 0.1 and 0.2 units, respectively. (b) The same as in the panel (a) but for T = 5 K and in the temperature range
of 15.7 to 23.0 K. For better visualization each spectrum is shifted vertically by 0.08 units. (c) Fourier transform (FT) of the
spectra and the corresponding fitted curves shown in the panels (a) and (b). The dotted lines in panels (b) and (c) are the
best fit to the data and the FT of the Bessel function as described in the text.
for the applied pressure 2.4 GPa at 3 K we have 2.7 GPa
at 300 K. The actual pressure in the pressure cell was
recorded by monitoring the superconducting transition of
a small indium plate mounted in the µSR-PC next to the
sample (PE on Tc of In: ∂Tc/∂P = −0.364 K/GPa).
40 In
the following we refer to these measured pressures. Cold
pressed samples of cylindrical shape with a size of 5× 15
mm (diameter×height) were used in order to achieve the
highest filling factor of the µSR pressure cell. The frac-
tion of the muons stopping in the sample was in the range
47-55%. The PE studies on the magnetization were per-
formed in a commercial Quantum Design (MPMS) XL
SQUID magnetometer using a diamond anvil type of
pressure cell (DAPC) with a sample volume of ≃ 0.1
mm3 (See Appendix B).
III. ANALYSIS AND RESULTS
The µSR data are well described in the entire temper-
ature range with the following equation:36
A(t) = ApcPpc(t) +AmPm(t) +Apm exp(−λpmt) (1)
The functions Pα(t) (α = pc, m) describe the muon
polarization functions of the pressure cell (pc) and the
magnetic fraction (m) of the sample, respectively (see
below). The last term corresponds to the asymmetry
function of the paramagnetic (pm) fraction of the sam-
ple with a weak muon relaxation rate λpm ≃ 0.1 − 0.2
µs−1. The number of muons stopped in the pressure cell
as well as the magnetic and the paramagnetic fractions
of the sample are proportional to the initial asymmetries
Aα (α = pc, m, and pm). The total initial asymmetry
AT = Apc +Am +Apm = 0.28 and Apc are temperature
independent constants. Typically, the fraction of muons
stopped in the sample was Fµ = (Am+Apm)/AT = 0.53.
The value of Fµ depends on the sample position and ge-
ometry with respect to muon beam40,41 and is best de-
termined in the temperature region 25− 50 K, where the
samples (x = 1, 0.7, and 0.5) exhibit a well developed os-
cillating µSR time spectrum with a slow muon relaxation
rate (see Fig. 2).
The muon polarization function of the pressure cell is
described as follows (see also Appendix A):40
Ppc(t) =
[
1
3
+
2
3
(1− σ2pct
2) exp
(
−
1
2
σ2pct
2
)]
exp(−λpct)
(2)
The relaxation rates of the pressure cell σpc and λpc are
given in the Appendix A.
The effect of pressure on the sample is reflected in the
second and the third terms of Eq. (1). The second term
has the form of the standard µSR depolarization function
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FIG. 3: (Color online) Fourier transform amplitudes of the oscillating components of the µSR time spectra as a function of field
and temperature (color maps). Panels (a-c) correspond to PrBa2Cu3O7−δ at P = 0, 1.52, and 2.4 GPa, respectively. Panels (d-
f) correspond to Pr0.7Nd0.3Ba2Cu3O7−δ at P = 0, 1.0, and 2.4 GPa, respectively; panels (g) and (h) to Pr0.5Nd0.5Ba2Cu3O7−δ
at P = 0 and 2.4 GPa; panels (i) and (j) to Pr0.3Nd0.7Ba2Cu3O7−δ at P = 0 and 2.4 GPa. The amplitudes of the Fourier
components were obtained from the raw data as described in the text.
for a polycrystalline sample with internal field(s):36,42,43
Pm(t) =
N∑
i=1
Fmi
(
1
3
+
2
3
cos(γµBit)e
−λT,it
)
e−λLt. (3)
Here, Fmi represents the fraction of the signal related
to the internal field Bi, N = 1 or 2 (see below), and
γµ = 2pi × 135.53 MHz/T is the gyromagnetic ratio of
the muon. The parameters λT,i and λL are the trans-
verse and longitudinal muon relaxation rates of the i-th
component. The longitudinal relaxation rate λL is re-
lated to spin dynamics and is absent in a statically or-
dered spin system while λT,i is proportional to the field
inhomogeneity at the muon site.36 The weighting factors
1/3 and 2/3 in Eq. (3) originate from isotropic powder
averaging of the µSR time spectra. Below we find that
5λT,i ≫ λL. Results from fitting the µSR time spectra
of PrBa2Cu3O7−δ using Eqs. (1)-(3) at T = 5, 23, and
280 K are shown in Fig. 2(a). At 5 K a µSR time spec-
trum with fast relaxation was observed, consistent with
a magnetic state of the sample. At 23 K an oscillating
signal with slower relaxation is evident, similar to that
observed in previous µSR studies.42,43 At 280 K a slowly
relaxing non-oscillating signal reflects the paramagnetic
state of the sample. Figure 2(b) shows in more detail the
evolution of the µSR spectra in the temperature range of
15.7 to 23 K where Pr-spin ordering occurs, and Fig. 2(c)
presents the corresponding Fourier transform amplitudes
which are described below.
The depolarization function Pm(t) given in Eq. (3)
consists of two separate parts: a fraction 1
3
that is slowly
relaxing and non-oscillating, and a fraction 2
3
that is os-
cillating. Hence, fitting Eqs. (1)-(3) to the data yields
the non-oscillating fraction from the pressure cell, the 1/3
non-oscillating fraction from the sample, and the param-
agnetic signal, all of which may be subtracted from the
measured µSR signal. The Fourier transform (FT) of the
remaining data represents the internal field distribution
at the muon site(s) of the magnetic part of the sample,
provided that the dynamic relaxation rate is negligible,
λL ≪ λT .
36,44 The result of this Fourier transformation
for x = 1 and P = 0 in the temperature range 15.7 to 23
K is shown in Fig. 2(c). It is noteworthy, that the results
are only weakly dependent on the quality of the fit, since
even a FT of the raw experimental data without sub-
traction of the non-oscillating components, yields a very
similar result, except for an additional contribution of the
FT amplitudes around zero field. Figure 3 shows the FT
amplitude color-maps as a function of field and tempera-
ture of the whole experimental data at different x and P
providing a quick and analysis-independent overview of
the experimental results for the internal fields probed by
µSR. For the sample with x = 1 a sudden decrease of the
internal fields around 16-20 K [see Fig. 3(a-c)] can clearly
be seen, also observed in the previous µSR studies.42,43
This drop reflects the Ne´el transition temperature of the
Pr sublattice TPrN .
A more detailed investigation of the data from the sam-
ple with x = 1, however, reveals two oscillating signals
with distinct internal fields in the temperature range 16-
20 K, pointing to a first order magnetic transition [see
Fig. 2(c)]. Below T ≃ 16 K a single fast relaxation is
manifest in the µSR signal, which in the analysis emerges
as a broad distribution of internal fields [see Figs. 2(a-c)
and 3(a-c)]. At higher temperatures (T > 25 K) again a
single internal field with a narrow distribution is evident,
i.e. a slow transverse relaxation rate, which gradually
drops to zero around the Ne´el ordering temperature of
the copper sublattice TCuN ≃ 270K. The field at the local
muon site (B ≃ 18.5 mT at 23 K) is of the same magni-
tude as previously reported42,43 corresponding to a single
muon stopping site as suggested for PrBa2Cu3O7−δ.
45
Early neutron diffraction experiment revealed a sim-
ple commensurate antiferromagnetic order below 17 K
in PrBa2Cu3O7−δ with a magnetic moment direction
along the c-axis.46 Later experiments showed a strong
coupling between the Pr- and Cu-spin sublattices with
Pr ordering accompanied by a counterrotation of the Cu
antiferromagnetism.47 X-ray magnetic scattering point
to incommensurate order of the Cu- and the Pr-spins
with a long period of modulation.48,49 In Fig. 2 we ob-
serve a muon depolarization with a small transverse re-
laxation rate at T = 23 K, consistent with commensu-
rate antiferromagnetism.50 However, well below TPrN the
relaxation rate increases strongly, and a broad distribu-
tion of internal fields is evident (see Fig. 2). This broad
distribution indicates a quite disordered magnetic state
of the sample. Strongly coupled Cu- and Pr-spin sublat-
tices with identical incommensurate modulation periods
should give rise to an incommensurate modulation of the
magnetic field at the muon site, leading to a muon de-
polarization described by the spherical Bessel function of
the first kind j0(x) [cos(γµBit) in Eq. (3) is replaced with
j0(γµBit), where j0(x) = sinx/x].
36 However, Eqs. (1)-
(3) describe the data significantly better than the Bessel
function [see Fig. 2(b)]. A Bessel function implies a
broad distribution of internal fields with a cut-off36 [see
Fig. 2(c)]. But we observe a symmetric Gaussian-like
distribution of fields.
For the samples with x = 0.3, 0.5, and 0.7 a single
component of Eq. (3) suffices to describe the µSR time
spectra in the whole temperature range [i.e. N = 1 in
Eq. (3)]. At the corresponding TPrN and below, the mean
internal field does not exhibit a sudden drop [see Figs.
3(d)-(j)], but decreases gradually with a substantial con-
current broadening of the internal field distribution. At
temperatures above TPrN the mean internal field decreases
with increasing temperature and vanishes above the cor-
responding TCuN .
In the following sections we describe in more detail the
results of the analysis for each of the samples.
A. Results for PrBa2Cu3O7−δ
The analysis of the µSR spectra of PrBa2Cu3O7−δ
showed that at zero pressure two distinct local fields
could be identified in the temperature range 16 < T < 23
K, where the onset of magnetic ordering of the Pr sub-
lattice TPrN ≃ 17 K occurs (see Fig. 3). Below 16 K and
above 23 K only a single local field is present. Indices
i = 1, 2 in Eq. (3) refer to properties of the µSR signals
in the high and the low temperature ranges, respectively.
Notations in Eq. (3) are as follows: Local fields B1 and
B2; transverse relaxation rates λT1 and λT2; weight func-
tions F1 and F2.
The temperature dependence of the mean local field in
PrBa2Cu3O7−δ was obtained by fitting Eqs. (1)-(3) to
the data for pressures P = 0, 0.4, 1.52, and 2.4 GPa, as
shown in Fig. 4(a) and (d). The local field B2 has a non-
zero value at temperatures above TPrN [see Fig. 3(a)-(c)]
and increases with decreasing temperature. At tempera-
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FIG. 4: (Color online) (a) The mean internal fields B1 (full
symbols) andB2 (empty symbols) in PrBa2Cu3O7−δ obtained
with Eqs. (1)-(3) at P = 0, 0.4, 1.52, and 2.4 GPa. (b) Trans-
verse (λT1, λT2) and longitudinal (λL) relaxation rates as a
function of temperature for P = 0 and 2.4 GPa (the data for
P = 0.4 and 1.52 GPa are not shown, since they are simi-
lar). (c) Temperature dependence of the magnetic fraction
Fm1 , corresponding to the volume fraction of the sample with
local field B1 (see text). The solid lines represent best fits to
the data using Eq. (5). (d) Temperature dependence of B1
in the vicinity of TCuN . The solid lines are best fits to the data
using Eq. (4).
tures around TPrN this increase is not monotonic, but ex-
hibits a pronounced peak for all applied pressures P = 0,
0.4, 1.52, and 2.4 GPa.
In the high temperature range field B1 attains its max-
imum at around 20 K (B1 ≃ 18 mT). With increasing
temperature the magnitude of B1 gradually decreases
and finally vanishes at about 270 K, corresponding to
the Ne´el transition temperature of the Cu spin sublat-
tice TCuN .
42,43 In order to determine TCuN a power law
function was fitted to the data for B1 above 150 K:
B(T ) = B0
(
1−
(
T
TCuN
)p)q
, (4)
where the value of q was fixed to 0.5 for all the samples
and pressures. In Table II the values of TCuN are summa-
rized for all pressures applied.
The transverse muon relaxation rates λT1 and λT2,
characterizing the distribution of local fields,36 are shown
in Fig. 4(b). For T < 220 K the relaxation rate λT1 is
small (λT1 ≃ 1.21 µs
−1) and at T ≃ TCuN a peak in λT1
is observed. The relaxation rate λT2 increases mono-
tonically with decreasing temperature below TPrN , which
is also evident in the Fourier amplitudes of the raw ex-
perimental data [see Figs. 3(a)-(c)]. The amplitudes of
the Fourier components gradually decrease below TPrN ,
whereas the width of the field distribution increases. The
longitudinal relaxation rate λL, characterizing the muon
spin relaxation due to fluctuating magnetic fields is quite
small in the whole temperature range [see Fig. 4(b)].
As pointed out above the variation of the local fields
B1 and B2 at T
Pr
N is discontinuous at all pressures for
16 K < T < 23 K, suggesting an inhomogeneous tran-
sition from the Cu to the Cu+Pr sublattice magnetic
order with decreasing temperature [see Fig. 2(c)]. For
a spatially homogeneous transition a gradual broaden-
ing of the local field is expected due to fluctuations of
the magnetic order parameter. The discontinuity is pre-
sumably caused either by an electronic inhomogeneity or
by an inhomogeneity of the local chemical pressure. The
corresponding weight functions of the two signals are Fmi
(i = 1, 2) (with Fm1 + F
m
2 = 1), each of which represents
a volume fraction of the sample with the local field Bi.
Figure 4(c) shows the temperature dependence of Fm1 for
P = 0, 0.4, 1.52, and 2.4 GPa. Fitting the phenomeno-
logical equation:
F (T ) = A
(
1−
1
exp
(
T−TN
∆T
)
+ 1
)
+D (5)
to the data with D = 0 and A = 1, one obtains the
solid lines in Fig. 4(c). Here, the parameter A describes
the maximal value of Fm1 while the ∆T is proportional
to width of the magnetic transition. Note, the sec-
ond term in the parenthesis resembles the Fermi func-
tion. The Ne´el transition temperature of praseodymium
(TPrN = TN) was determined from the measured values of
F1 by means of Eq. (5) in the vicinity of the transition.
Since we have a gradual onset of Pr magnetic order this
definition of TPrN corresponds to the temperature where
7half of the sample volume fraction is in the Pr-ordered
state. The width of this transition is described by the
parameter ∆T = 0.5, 0.7, 0.8, and 0.9 K at P = 0, 0.4,
1.52, and 2.4 GPa, respectively. The results for TPrN are
summarized in Table II.
B. Results for Nd0.3Pr0.7Ba2Cu3O7−δ and
Nd0.5Pr0.5Ba2Cu3O7−δ
The temperature dependence of the mean local field B1
in Nd0.3Pr0.7Ba2Cu3O7−δ for P = 0, 1.0, and 2.4 GPa
and in Nd0.5Pr0.5Ba2Cu3O7−δ for P = 0 and 2.4 GPa,
obtained by fitting Eqs. (1)-(3) to the data are shown in
Figs. 5(a) and 5(b), respectively.
In contrast to PrBa2Cu3O7−δ, the µSR spectra for the
two Nd-substituted samples are well described with a sin-
gle internal field in the whole temperature range at all
pressures applied, but two distinct temperature regions
are evident. For T > 15 K the local internal field gradu-
ally decreases with increasing temperature from B ≃ 16
mT and vanishes around T ≃ 260 K (T ≃ 200 − 250
K) in Nd0.3Pr0.7Ba2Cu3O7−δ (Nd0.5Pr0.5Ba2Cu3O7−δ).
This temperature corresponds to TCuN and was deter-
mined by fitting Eq. (4) to the data above 150 K
with q = 0.5. The corresponding curves are shown as
solid lines in Figs. 5(a) and (b). The values of TCuN
for Nd0.3Pr0.7Ba2Cu3O7−δ (Nd0.5Pr0.5Ba2Cu3O7−δ) for
P = 0, 1.0, and 2.4 GPa (P = 0 and 2.4 GPa) are given
in Table II.
In the low temperature region (T < 15 K) the mean
local field B1 drops for both samples from B ≃ 16.5 mT
to B ≃ 12 mT at TPrN ≃ 11 K. As is evident from Figs.
3(d)-(h) and 5(a) and 5(b), the transition is smoother
with a substantial broadening of the field distribution
below TPrN . In order to determine T
Pr
N , the data points in
the vicinity of the TPrN were analyzed with Eq. (5). The
results of this analysis are represented by the solid lines
in the insert of Fig. 5(a) for Nd0.3Pr0.7Ba2Cu3O7−δ and
Fig. 5(b) for Nd0.5Pr0.5Ba2Cu3O7−δ. The corresponding
Ne´el temperatures TPrN are listed in Table II.
The transverse (λT) and longitudinal (λL) re-
laxation rates for Nd0.3Pr0.7Ba2Cu3O7−δ and
Nd0.5Pr0.5Ba2Cu3O7−δ are shown in Fig. 5(c) and
Fig. 5(d), respectively. The random occupation of
Nd3+ ions at the praseodymium sites gives rise to an
additional disorder of the local fields that is perceived
by the muon. Thus, the transverse relaxation rate λT
becomes substantially larger than for PrBa2Cu3O7−δ
(x = 1). The longitudinal relaxation rate λL is small
in the whole temperature range studied, except for
T ≃ TCuN , where λL exhibits a peak.
In contrast to PrBa2Cu3O7−δ, the transition between
the magnetically ordered and the paramagnetic state
around TCuN is gradual for the samples with x < 1. With
increasing temperature the mean local field B1 vanishes
at TCuN . Above T
Cu
N , however, a fraction of the µSR
signal still exhibits a substantial transverse relaxation
rate λT with zero mean field, suggesting the presence of
quasi-static and disordered magnetic fields at the muon
site. Below TCuN a fraction of the sample is in the para-
magnetic state for which the relaxation rate is small:
λpm ≃ 0.1 − 0.2 µs
−1. Thus, two distinct values of TCuN
may be identified: (1) the temperature where the mean
local field B1 vanishes, and (2) the temperature where a
fraction of one half of the sample volume is in the param-
agnetic state. Close to TCuN the temperature independent
asymmetry of the sample, As = Am + Apm, may there-
fore be written as: Am = As(1−Fpm) and Apm = AsFpm,
where the parameter Fpm is the volume fraction of the
sample in the paramagnetic state (0 ≤ Fpm ≤ 1). Fig-
ures 5(e) and 5(f) show the temperature dependence of
Fpm at different pressures for Nd0.3Pr0.7Ba2Cu3O7−δ and
Nd0.5Pr0.5Ba2Cu3O7−δ, respectively. The solid lines rep-
resent fits of Eq. (5) to the data with A = 1 and D = 0.
The Ne´el temperature obtained from the temperature de-
pendence of Fpm for various pressures and substitution
fractions x is denoted as TCu∗N , and the corresponding
values of TCu∗N are listed in Table II.
C. Results for Nd0.7Pr0.3Ba2Cu3O7−δ
The temperature dependence of the mean local field B1
in Nd0.7Pr0.3Ba2Cu3O7−δ obtained by fitting Eqs. (1)-
(3) to the data for P = 0 and 2.4 GPa are shown in
Fig. 6(a). A single component in Eq. (3) is sufficient to
describe the µSR time spectra in the whole temperature
range. The local field B1 increases monotonically with
decreasing temperature, but without any pronounced sig-
nature at the onset of Pr Ne´el ordering. The minor fea-
tures visible around 3 and 5 K for P = 0 and 2.4 GPa
[shown by the arrows in Fig. 6(a)] are possible signs of
Pr ordering, since for the samples with higher concentra-
tion of praseodymium (x = 0.5 and 0.7), a decrease of
B1 at T
Pr
N is concurrent with an increase of B1 at lower
temperatures [see Figs. 5(a) and (b)]. The solid lines
in Fig. 6(a) represent best fits to the data using Eq.
(4) with q = 0.5. The transition temperatures TCuN ob-
tained from this analysis for both pressures P = 0 and
2.4 GPa are summarized in Table II. The corresponding
transverse (λT) and longitudinal (λL) relaxation rates are
depicted in Fig. 6(b). λT exhibits a monotonic decrease
with increasing temperature, while λL at P = 0 GPa has
a peak around TCuN . The paramagnetic volume fraction
for both pressures is shown in Fig. 6(c). Similar to the
previous case (x = 0.5 and 0.7) Fpm increases gradually
with increasing temperature. The width of this transi-
tion, however, gets broad at P = 2.4 GPa. The solid lines
in Fig. 6(c) result from fitting Eq. (5) to the data with
A = 1 and D = 0. The corresponding Ne´el temperatures
TCu∗N are listed in Table II.
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FIG. 5: (Color online) (a) The mean internal field B1 in Nd0.3Pr0.7Ba2Cu3O7−δ obtained with Eqs. (1)-(3) at applied pressures
P = 0, 1.0, and 2.4 GPa. (b) The same as panel (a), but for sample Nd0.5Pr0.5Ba2Cu3O7−δ at P = 0 and 2.4 GPa. The solid
lines in (a) and (b) correspond to the best fits to the data using Eq. (4). The inserts in (a) and (b) show B1 in the vicinity of T
Pr
N
with solid lines representing best fits to the data using Eq. (5). (c) and (d) The corresponding transverse (λT ) and longitudinal
(λL) relaxation rates as a function of temperature for Nd0.3Pr0.7Ba2Cu3O7−δ and Nd0.5Pr0.5Ba2Cu3O7−δ, respectively. (e)
and (f) Temperature dependence of the paramagnetic fraction Fpm in Nd0.3Pr0.7Ba2Cu3O7−δ and Nd0.5Pr0.5Ba2Cu3O7−δ,
respectively. The solid lines are results from fitting Eq. (5) to the data.
IV. DISCUSSION
Figure 7(a) shows the normalized superconducting
(Tc/T
max
c ) and magnetic (T
Pr
N /T
Pr,max
N ) transition tem-
peratures in R1−xPrxBa2Cu3O7−δ as a function of ionic
radius Ri for x = 0.5 obtained in Ref. 10. With in-
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FIG. 6: (Color online) (a) The mean internal field B1 in
Nd0.7Pr0.3Ba2Cu3O7−δ obtained with Eqs. (1)-(3) at P = 0
and 2.4 GPa. The solid lines represent best fits to the data us-
ing Eq. (4). The arrows indicate possible antiferromagnetic
transitions at TPrN . (b) Corresponding transverse (λT) and
longitudinal (λL) relaxation rates as a function of tempera-
ture for P = 0 and 2.4 GPa. (c) Temperature dependence of
the paramagnetic fraction Fpm. The solid lines are best fits
to the data using Eq. (5).
creasing ionic radius Ri of the rare earth element su-
perconductivity is suppressed. At a sufficiently large Ri
superconductivity vanishes and Pr-magnetic order devel-
ops, crossing a region of coexistence of both phases.10 For
TABLE II: Ne´el temperatures for copper (TCuN ) and
praseodymium (TPrN ) in Nd1−xPrxBa2Cu3O7−δ (x = 0.3, 0.5,
0.7, and 1.0) at various pressures. In addition, the values of
TCu∗N extracted from the data of the samples with x = 0.3,
0.5, and 0.7 are listed (see text for an explanation).
x P TPrN T
Cu
N T
Cu∗
N
(GPa) (K) (K) (K)
1 0 17.6(1) 262.8(10) –
1 0.4 18.2(2) 264.7(10) –
1 1.52 18.9(1) 271.6(10) –
1 2.4 19.4(1) 263.1(10) –
0.7 0 10.9(2) 256(2) 258(3)
0.7 1.0 11.5(2) 254(2) 285(3)
0.7 2.4 11.8(2) 267(3) >300
0.5 0 10.9(1) 202(3) 209.6(10)
0.5 2.4 11.4(5) 244.4(10) 249(5)
0.3 0 3(1) 19.9(2) 21.1(5)
0.3 2.4 5(1) 27.1(2) 36.2(5)
hydrostatic pressure a negative PE on Tc was reported
for R1−xPrxBa2Cu3O7−δ at x . xcr which may be ex-
plained by the increased localization of carriers with P
[see Fig. 7(b)].26–29 The closer x is to the respective
xcr the stronger is the PE. There are no reports on PE
on TPrN for x < 1 at present. However, the results of
the chemical PE [see Fig. 7(a)] and the increased local-
ization of carriers with P suggest a positive PE on TPrN
after complete suppression of superconductivity. Zero
and a small positive PE on TPrN was found by trans-
port and INS experiments, respectively for x = 1.34,51
In contrast, a negative PE on TPrN was reported for
PrBa2Cu3O7−δ
32 and PrBa2Cu4O8
33 with a large sup-
pression rate: ∂TPrN /∂P ≃ −10 K/GPa [see Fig. 7(c)].
For TPrN = 17 K a linear extrapolation suggests that for
P & 1.7 GPa the Pr Ne´el order might be suppressed
completely, and followed by a transition to a supercon-
ducting phase. Indeed, in PrBa2Cu3O7−δ thin films,
22
polycrystalline,52,53 and single crystal23,24 samples su-
perconductivity with an unusually strong and positive
effect of hydrostatic pressure23,24 on Tc has been found.
In Fig. 7(c) we show the results of Ref. 24. Figure
7(c) suggests that the observation of superconductivity
in PrBa2Cu3O7−δ samples might be related to a strong
suppression rate of TPrN with pressure, provided these
superconducting samples have an extra initial chemical
pressure/stress caused by a microstructure which partly
suppresses magnetism.
The magnetic phase diagram for Pr (empty symbols)
and Cu (full symbols) in the doping range 0.3 < x < 1
is given in Fig. 8, showing the Ne´el transition temper-
atures TPrN and T
Cu
N at pressures 0 and 2.4 GPa. For
x = 1 the PE on TCuN is rather small. The PE increases
gradually with x, and attains a maximum for x ≃ 0.5.
For x = 0.3 the effect of hydrostatic pressure on TCuN is
10
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FIG. 7: (Color online) (a) Tc/T
max
c and T
Pr
N /T
Pr,max
N of R1−xPrxBa2Cu3O7−δ as a function of the rare earth ionic radius Ri for
x = 0.5 with Tmaxc = 32.6 K and T
max
N = 12.1 K (the data are from Ref. 10). (b) Tc/T
max
c for x = 0.5 and R =Y (T
max
c = 28.9
K; the data are from Ref. 26). For all rare earth elements and x . xcr the pressure effect on Tc is negative.
26–29 The PE
increases in magnitude with increasing x. No studies of the PE on TN for x < 1 are performed up to now (indicated by the
question mark). The dotted line shows a possible scenario for the PE on TN suggested by the results of chemical pressure effect
[panel (a)]. (c) TPrN /T
Pr,max
N and Tc/T
max
c of PrBa2Cu3Ox and PrBa2Cu4O8 as a function of hydrostatic pressure. The results
for TN are from Refs. 32,33 (circles) with T
max
N ≃ 17.5 K and Ref. 34 (squares) with T
max
N ≃ 19.6 K. The pressure effect data
on Tc for PrBa2Cu3Ox are from Ref. 24 (T
max
c ≃ 105 K). The solid lines in the panels (a), (b), and (c) are guides to the eye.
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FIG. 8: (Color online) Phase diagram of Cu (full symbols) and
Pr (empty symbols) magnetic order in Nd1−xPrxBa2Cu3O7−δ
(x = 0.3, 0.5, 0.7, and 1) at pressures of 0 and 2.4 GPa. The
dotted line indicates the superconducting transition (see Ref.
10). Solid and dashed lines are guides to the eye.
again small in absolute numbers, but large on a relative
scale [see Fig. 9(a)]. Of the several factors determin-
ing TCuN the following deserve attention: (1) the effective
charge carrier concentration nh in the CuO2 planes, (2)
the in-plane and out-of-plane exchange integrals for the
Cu spins. The former leads to a reduction of the TCuN due
to disorder introduced by the localized or hopping car-
riers in the AF background of the Cu spins. The latter
determines the Ne´el transition temperature for a system
without charge carriers. Both factors are pressure de-
pendent. Praseodymium ions localize the carriers in the
CuO2 planes, resulting in a reduction of the effective car-
rier concentration nh that in turn leads to a suppression
of superconductivity (or increase of TCuN ). This ”localiza-
tion efficiency” strongly depends on chemical pressure,10
and it is natural to assume that it is also strongly pres-
sure dependent. On the other hand, with increasing pres-
sure an additional charge transfer to the CuO2 planes
takes place in the YBa2Cu3Ox system,
54–56 leading to
an increase of the maximal superconducting transition
temperature with increasing pressure, or in a different
perspective to a decrease of the magnetic transition tem-
perature. For x > 0.7 the value of TCuN only weakly
depends on x, suggesting a saturation of the suppression
of nh by Pr (see Fig. 8). Therefore, the effective charge
concentration is too small to influence TCuN for x > 0.7
at zero pressure. TCuN for x = 1 increases with increasing
pressure up to 1.5 GPa, and then decreases again for still
higher pressures. Consequently, the weak and nonlinear
pressure dependence of TCuN for x = 1 is predominantly
determined by the PE on the exchange integrals of the
Cu spins. The variation of TCuN with pressure is substan-
tially stronger for x = 0.5 than for x = 1. For x = 0.5
11
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FIG. 9: (Color online) (a) Relative change of the cop-
per Ne´el temperature TCuN in Nd1−xPrxBa2Cu3O7−δ as a
function of pressure for x = 0.3, 0.5, 0.7, and 1. (b)
Change of the praseodymium Ne´el temperature TPrN in
Nd1−xPrxBa2Cu3O7−δ as a function of pressure for x = 0.3,
0.5, 0.7, and 1. The data for x = 0.3 are shown as empty
symbols, since the uncertainty in TPrN is rather large. The
dotted lines are guides to the eye.
at zero pressure, TCuN is reduced compared to x = 1 due
to the presence of charge carriers. Thus, the positive PE
on TCuN is substantially influenced by the negative PE on
the effective carrier concentration obviously dominating
for x = 0.5.
The Ne´el temperature TPrN at 0 and 2.4 GPa is shown
as a function of Pr concentration x in Fig. 8. At zero
pressure the values of TPrN are in good agreement with
previous reports.10,42,43 In Fig. 9(b) the variations of TPrN
for all pressures investigated and all samples are shown.
The PE on TPrN is positive (≃ +0.7 K/GPa) for all the
praseodymium concentrations (0.3 < x < 1).
The present results for the PE on both TCuN and
TPrN suggest an increased localization of carriers with
P and drastically differ from those reported previously
for PrBa2Cu3O7−δ
32 and PrBa2Cu4O8,
33 as obtained
by magnetization measurements under pressure. It con-
trasts also with the positive hydrostatic PE on Tc found
in superconducting PrBa2Cu3O7−δ (see Fig. 7).
23,24
Our magnetization measurements of PrBa2Cu3O7−δ un-
der hydrostatic pressures up to 2.3 GPa could not re-
veal a Meissner fraction (with a precision better than
1 %), confirming absence of superconductivity in the
present samples (see Appendix B). The positive PE on
TPrN and T
Cu
N found for xcr . x < 1 is, however, in
good agreement with the results of INS experiments34
and is consistent with the negative PE on Tc reported
for R1−xPrxBa2Cu4O8 at x . xcr.
26–29 The suppression
of superconductivity and the onset of magnetism with P
are in accord with the similar behavior of Tc and T
Pr
N
in R1−xPrxBa2Cu4O8 as a function of chemical pressure
[see Fig. 7(a)].10 Our findings are also in agreement with
Ref. 51, where TPrN was identified from transport mea-
surements for Y1−xPrxBa2Cu4O8, at pressures up to 1
GPa, and found to be pressure independent. Therefore,
our results strongly suggest an increased localization of
the carriers in Nd1−xPrxBa2Cu3O7−δ by Pr
3+ with the
application of hydrostatic pressure up to 2.4 GPa, even
for x = 1. Further reliable measurements of the PE on
TPrN are needed to verify the results of Refs. 32,33. We
think that a positive PE on Tc, suggesting delocalization
of carriers with pressure, found in single crystal samples
of PrBa2Cu3O7−δ is exceptional and is related to details
of their microstructure.
V. CONCLUSIONS
We investigated the effect of pressure on the Pr and Cu
Ne´el magnetic order in Nd1−xPrxBa2Cu3O7−δ for x =
0.3, 0.5, 0.7, and 1. In several aspects the present results
differ drastically from those reported previously.32,33 The
effect of pressure on the Pr Ne´el ordering temperature
TPrN was found to be positive for all the investigated Pr
concentrations x, amounting to ≃ +0.7 K/GPa. This
finding is in agreement with the negative effect of pres-
sure on the superconducting transition temperature Tc
observed for 0.1 < x < 0.3 and coincides with the re-
sult of inelastic neutron scattering experiments.34 This
implies a reduction of the effective charge concentration
with pressure, resulting in a suppression of Tc and an
increase of TPrN (for x > 0.3).
27 In PrBa2Cu3O7−δ the
effect of pressure on the Ne´el ordering temperature TCuN
for the Cu sublattice is weak and nonlinear, suggesting
a small pressure dependence of the in- and out-of-plane
exchange integrals for the Cu spins. Thus, the strong ef-
fect of pressure on TCuN for 0.3 < x < 0.5 is dominated by
a reduction of the effective charge concentration in the
CuO2 planes with pressure.
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Appendix A: µSR spectra of the Co− Ni alloy
(MP35N)
The nonmagnetic Co-Ni alloy (MP35N) used for high-
pressure µSR studies is composed of 35% Co, 35% Ni,
20% Cr, and 10% Mo (by weight).40 For temperatures
above 2 K the parameters of the µSR spectra may vary
within a range of ∼10%, depending on preparation and
aging procedures. Below 2 K this variation can be more
pronounced. In the temperature range of 2 to 100K the
µSR spectra are practically temperature independent (for
details see Ref. 40). Here we present the results for zero
and weak transverse field µSR of MP35N in the broad
temperature range of 5 to 300 K. The zero-field µSR spec-
tra are well described by Eq. (2).40 For a transverse field
B, the muon depolarization may be analyzed with the
function:
Ppc,TF(t) = cos(γµBt+ φ) exp
(
−
1
2
σ2pct
2
)
exp(−λpct).
(A1)
Here, σpc and λpc are the Gaussian and exponential muon
relaxation rates, while φ is the initial phase of the muon
polarization. A weak transverse field of B = 30 mT was
used for these tests.
Two different samples of MP35N were tested, here re-
ferred to as A and B. Both samples were taken from
the same batch, but were subjected to different thermal
aging processes. The parameters σpc and λpc for both
samples as obtained with Eqs. (2) and (A1) for zero and
transverse fields in the temperature range of 5 to 300 K
are presented in Fig. 10(a). The exponential shape of
the relaxation rate dependence λpc are identical for both
samples in zero and transverse field with the temperature
independent value λpc = 0.04(1) µs
−1. The Gaussian
component of the relaxation is nearly temperature inde-
pendent below 100 K, in agreement with Ref. 40, and
decreases gradually above 100 K. Figure 10(b) shows the
normalized temperature dependence of σpc for sample
A in the transverse-field mode and for sample B in the
zero-field mode. Although the starting value of σpc(0) is
different for both samples, their normalized temperature
dependence is almost identical and not depending on the
mode of measurement (transverse-field or zero-field).
An analysis of the µSR time spectra of
Nd1−xPrxBa2Cu3O7−δ in the MP35N pressure cell
used in the present study with Eq. (1) yields at
temperatures below 100 K σpc(0) = 0.31(1) µs
−1. The
temperature dependence of σpc was obtained from the
corresponding normalized data shown in Fig. 10(b).
The temperature independent exponential component
of the muon relaxation rate of the pressure cell with
λpc = 0.04 µs
−1 was used.
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FIG. 11: (Color online) (a) Field cooled magnetization mea-
surement of 0.5(2) mg of PrBa2Cu3O7−δ in an applied field of
µ0H = 1 mT. The background magnetization of the pressure
cell is subtracted. (b) Magnetic moment of the pressure cell
and the sample in a temperature range below 7.3 K showing
the superconducting transition temperature of lead pieces in-
side and outside of the pressure cell (indicated by arrows for
P = 1.35 GPa). The pressure cell background signal is not
subtracted.
Appendix B: Magnetization measurements of
PrBa2Cu3O7−δ
In order to detect the presence or absence of a su-
perconducting phase with increasing hydrostatic pres-
sure, magnetization measurements were performed for
PrBa2Cu3O7−δ in field-cooled condition at an applied
field of µ0H = 1 mT. The diamond anvil type of pres-
sure cell with a volume under pressure VP ≃ 0.1 mm
3 was
loaded with PrBa2Cu3O7−δ sample and a small piece of
Pb. The volume of the sample is about half of VP while
the volume of Pb is at least a factor of f = 5 smaller
than that of sample. The small piece of Pb inside of VP
serves as a pressure manometer while another piece of
Pb outside of VP serves as a reference of the Pb super-
conducting transition temperature TPbc at zero pressure.
Daphne oil was used as a pressure transmission medium.
The results of these measurements for P = 0, 1.35, and
2.3 GPa are shown in Fig. 11(a). The magnetization
of the pressure cell was measured in a separate experi-
ment and subtracted. No diamagnetism can be detected
within precision of the experiment. Systematic and sta-
tistical errors of the measured magnetic moments are of
the order of 0.2 nAm2. Figure 11(b) shows the magneti-
zation measurements of the superconducting transitions
of lead TPbc s inside and outside of VP at P = 0, 1.35,
and 2.3 GPa. At P = 2.3 GPa the transition of Pb is
broadened due to a pressure inhomogeneity. The mag-
netic moment is also slightly increased, since lead flows
around the nonsuperconducting grains of the sample and
increases its effective volume. The difference of these
transition temperatures allows us to determine the ap-
plied pressure, while the drop of the magnetic moment
δMPb ≃ −5 nAm2 below TPbc shows the sensitivity of
the measurement. Namely, for a 100% superconducting
PrBa2Cu3O7−δ sample one expects a drop of the mag-
netic moment ∆MPr = f×δMPb = −25 nAm2 below the
respective TPrc . Since we can clearly exclude the presence
of a diamagnetic moment grater than δm = −0.2 nAm2 a
possible superconducting volume fraction is smaller than
δm/∆MPr = 0.2/25 = 0.008 ≃ 1%. Thus, we do not
detect the presence of a superconducting phase in our
PrBa2Cu3O7−δ samples up to 2.3 GPa.
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